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Materials and Methods
The alloy and thermal treatments Al alloy sheets with the composition of Al-0.43Mg-1.2Si-0.2Fe-0.1Mn (weight %) were used in the present study.
The homogenized alloy sheets with a thickness of 0.2mm was heated at 560°C (in a salt bath) to obtain a full solution of Mg and Si, and then quenched to room temperature (20°C). Two aging conditions were then applied (in an oil bath): (1) Natural aging at 20°C for 0~1 minutes + hardening annealing at 180°C for various times (from 5 minutes to 24 hours). (2) Natural ageing for 0~1 minutes + pre-aging (at 100~180°C for 1~5 minutes and at 80°C for 2~20 hours) + hardening annealing at 180°C for 30minutes. This processes lead to excellent QBHR behaviors of the alloys with hardness increases from 75~85HV up to 110~120HV.
High-resolution transmission electron microscopy (HRTEM) instruments
A Philips CM300 UT/FEG HRTEM operating at 300 kV was used for the general investigation. The microscope has a point resolution of 0.17nm and an information limit of 0.12nm. Also we used a Philips CM 200 FEG ST microscope with an aberration-corrector implemented below its objective lens (S1-2). The microscope has a point resolution of 0.13nm, operating at 200kV. Equipped with fast-scan and slow-scan CCD (charge-coupled device) cameras and Tietz image acquisition systems, these two microscopes can record automatically the digitized movies and the high-resolution image series of varying focus with an equal defocus step, which are called through-focus (TF) series.
HRTEM lattice images of the small early precipitates
In conventional HRTEM instruments, the images of the early monoclinic precipitates are easily delocalized and under most imaging conditions they appear as "disordered" clusters, as shown in Figure S1 . Figure S2 shows the monoclinic lattice nature of two very small precipitates (~1.5nm) observed in the very thin edge (~3nm) of the specimen annealed at 180°C for 5 minutes. They appear as "superimposed patterns" in the Al lattice, rather than as "particles". Movies show that the contrast of such "monoclinic patterns" fluctuates in time. The particles are difficult to see when viewed exactly along the atom columns, probably because of their high coherency with the matrix and the small differences between Si, Al and Mg in electron-scattering power. It seems that a small crystal tilt can be helpful in revealing them.
Through-focus exit-wavefunction reconstruction (TF-EWR)
From a recorded TF series of 20 HRTEM images with the starting focus at +37.8nm (which was originally assumed being at +30nm, but corrected after reconstruction) and with an equal defocus (negative) increment of 3.0 nm, the exit-wavefunction (EW) below the specimen was reconstructed using the software developed in a Brite-Euram project (S3). Normally a post aberration-correction is needed to remove all the significant optical aberrations that may still remain in the obtained EWs (S4). Significant aberrations include focus, spherical aberration, coma, two-fold and three-fold astigmatisms. We employed an aberration-corrected microscope for recording TF series in order to retrieve the complex EW more accurately (S2). The advantages of using an aberration-corrected microscope in the present work are two fold. Firstly, the post correction of the EWs is much simpler, since most of the significant aberrations have been suppressed in the original TF series of images. In our case, only the focus needed to be adjusted by minimizing the amplitudeimage contrast (standard deviation) (S2). Secondly, without having to include all the optical aberrations in simulation, the following simulation analysis on the image contrast is greatly simplified. For a thin specimen, the EW's phase of is proportional to the projected potential of the specimen, and therefore may immediately suggest a good approximate structure model. Hence this is a crucial step for deducing the precipitate structure.
Image simulation analysis
In image simulation, the Al matrix (with known structure) has been used not only for estimating the specimen thickness and the crystal tilt (roughly), but also as an internal standard for the calibration of the spatial dimension and the image contrast level: when the calculated phase-image matches with the experimentally reconstructed image for the precipitate, the difference between maximum and minimum image intensities is kept to check if under the same conditions the matching also exists for the Al matrix. This is equivalent to performing simulation with a large super cell that includes both the Al matrix and the entire precipitate, but it greatly simplified the simulation analysis for our purpose: to deduce the atomic arrangement in the monoclinic unit cell. Nevertheless, we have used a 2 x 1 super cell for simulation in order to include the possibility that the positions of the two Mg and the two Al (which are indicated in Figure 3A and Table S1 ) are exchangeable.
It is well known that in HRTEM the simulated image contrast levels are generally higher than the experimentally observed ones ( S5-6) . This is largely due to the fact that not all the physical processes that practically occur in the microscope (such as inelastic scattering, mechanical vibration, amorphous contamination, etc.) are fully included in current image simulation procedures. Nevertheless, since the major effects, the multiple elastic electron scattering and the electron wave transfer through the objective lens are correctly calculated by the multislice theory and the partial coherent theory for image formation, for decades simulations of images, exit-wavefunctions and electron diffraction patterns have been a standard tool in HRTEM ( S7-9) . Especially for determining the defect structure inside a known crystal (i.e., an internal standard exists), the image simulation analysis can be performed quantitatively, as shown recently by Jia and Urban in analyzing the oxygen concentration at a twin boundary (S10). Furthermore, without having to include any microscopic aberration parameters (as mentioned before) in image simulation, the procedure becomes more straightforward and reliable.
SOM Text: Precipitation Hardening in AlMgSi Alloys
The hardening behavior of AlMgSi alloys is due to the presence of the hardening precipitates that act as obstacles for the dislocation movement in the Al matrix. To overcome the pinning force of a nanoprecipitate on a moving dislocation, additional energies are required for the dislocation to reach and to shear (cut-through) the precipitate. The energy required for a dislocation to reach a precipitate depends on the strength of the strain-field introduced by the precipitate in the matrix. The energy required for a dislocation to shear the precipitate depends on the energy of the interface created after the dislocation cuts through the precipitate. Also the total precipitate volume fraction (TPVF) in the matrix is crucial in determining the total energy required for the dislocation movement and therefore the overall hardness of the alloy. Hence the hardening profile of the alloy upon the continuous annealing at 180°C ( Figure 4B ) can be understood as follows.
Stage I: Since a precipitate at Mg 2 Si 2 Al 7 is mostly coherent with the matrix (i.e., little strain introduced) and also has a high bulk-formation Enthalpy ( Figure 4A ), its pinning force on a moving dislocation is small. So the initial particles themselves are least effective for strengthening the alloys. Also in the initial stage the TPVF is low. Hence the alloy appears soft.
Stage II:
The particles of Mg 2+x Si 2+y Al 7-x-y have a stronger tendency to distort the surrounding matrix (leading to stronger strain-fields around them) and have much lower bulk formation Enthalpies ( Figure 4A ). As the consequence, their pinning force on a moving dislocation are strong, and therefore they act as much stronger or more effective obstacles for the dislocation movement. Also due to the rapid 1D growth in this stage, the TPVF largely increases. These factors lead to the fast hardness increase of the alloy. The hardness reaches the first maxima when the supersaturated Si/Mg atoms are consumed and the 1D-growth stops ( Figure 4B ). Afterwards the further compositional evolution e.g., from Mg 2 Si 3 Al 6 to Mg 2 Si 4 Al 6 would not contribute to the hardness increase. Moreover the consumption of more Si/Mg atoms in replacing Al has to be paid by dissolving some of the existing particles (i.e., the TPVF decreases slightly). As such the hardness can even decrease slightly.
Stage III: Further compositional evolution in the precipitates leads to the structural change, characterized by the b/2 shifts of two specific (AlMg) atoms in the unit cell ( Figure  3A ). This leads to the appearance of the β″-type structures (Figure 4) . In this stage, on the one hand, the compositional changes further decrease the TPVF. On the other hand, with the β″-type structures the particles become stronger and stronger obstacles for the dislocation movement. As a result the overall hardness of the alloy increases slowly.
Stage IV: In the last stage, the precipitates evolve to Mg 5 Si 6 . The compositional change further decreases the TPVF, but the β″ Mg 5 Si 6 particles have the strongest pinning force on a moving dislocation and therefore they are most effective in strengthening, leading to the peak-hardness of the alloy. However, the final Mg 5 Si 6 particles may coarsen up to 4~5nm in width by 3D-growth ( Figure 1G ), leading to the misfit dislocations at the interfaces to partly release the large strain-fields in the matrix. As such the alloy softens slowly. Table S1 The obtained atomic coordinates of the Mg 2 Si 2.6 Al 6.4 structure. The structure has a monoclinic unit cell with a=1.460nm, b=0.405nm, c=0.640nm and β=105.26°. The data are obtained through matching the calculated phase-image with the experimentally reconstructed one. The optimum matching is obtained for a specimen thickness of 7.5nm and for a crystal tilt of 0.76°. The positions of the two Mg and the two Al atoms marked by † are assumed to be exchangeable (see Figure 3A ). 
